Abstract. Some aspects of boiler toxic pollutant emission reduction in the presence of carbamide are discussed in the paper. Theoretical pollution reduction investigation was conducted by using thermodynamic function calculation methods and evaluating the Gibbs' energy value changes at various temperatures. The equations of these changes were derived. It was determined that the most reliable compounds, formed during the reaction between carbamide and nitrogen oxides, are CO 2 , nitrogen and water. Other products are formed when carbamide is oxidized. Also, it was found that carbamide could reduce sulphur oxides to sulphur, and in some cases -to H 2 S. The pyrolysis of carbamide is possible at temperatures above 450 K.
Introduction
After Lithuania joined the European Union, pollution from industrial enterprises became even more relevant. One of the main sources of air pollution comes from power stations and boilerhouses. They emit nitrogen oxides, CO and SO 2 into the atmosphere. In order to lower SO 2 emissions, magnesium oxide can be interblended into the fuel (Kaminskas et al. 1997; Valužienė et al. 1998) . To reduce nitrogen oxides emissions magnesium oxide, containing traces of ammonia, could be added to the fuel (Zhang et al. 2002; Jeong et al. 2007; Kröcher et al. 2006; Kozub et al. 2001; Amblard et al. 1999 Amblard et al. , 2000 Gang et al. 1999; Lietti et al. 1999) . The use of SO 2 converts the magnesium oxide under the influence of air oxygen into magnesium sulphate. The most desirable reaction product in the process of nitrogen oxide decontamination using ammonia is nitrogen (Birmantas and Kaminskas 2001) . Recently it was proposed to use carbamide for the decontamination of nitrogen oxides (Kiely 1998) . Carbamide as well as ammonia reduce nitrogen oxides to elementary nitrogen. A reducing agent, typically ammonia or nitrogen, is injected into the combustion process gases. At suitably high temperatures (871-1149 °C), the desired chemical reactions occur (Institute of… 2007; Tayyeb et al. 2007) . Besides the mentioned oxides, there are carbon oxides, and also surplus oxygen present in the flue gases. What reactions occur in the flue gases during the flue gas decontamination process using carbamide has not been investigated fully up till now. The objective of this investigation was to determine the reactions, which occur between carbamide and the compounds present in the boiler-house flue gases, also to estimate and compare the reliability of those reactions. The evaluation of reliability was accomplished by using thermodynamic calculations.
Methods
The reliability of the reactions was estimated according to their Gibbs' energy change values at different temperatures. The enthalpy and entropy variation values were calculated while the sum of enthalpies and entropies of reaction products minus the sum of enthalpies and entropies of reactive materials. The Gibbs' energy variation values
) were calculated according to the following formula (Kazragis 1998; Simanavičius 2005) :
where:
The carbamide enthalpy and entropy formation values were determined at different temperatures, using their standard temperature values and calculated according to the Gibbs' energy formula (Table 1) .
The enthalpies and entropies formation values of other compounds are listed in the references (Sthal et al. 1971) . The values of enthalpy changes, used in this investigation, are expressed in kJ/mol, the entropy values, are expressed in J/(mol·K). According to Gibbs' energy variation values, the reliability of the reactions were evaluated. Carbamide reduces nitrogen oxides first to nitric acid and then to nitrogen. In the presence of oxygen in the flue gas, it can participate or not in the reaction. The reaction proceeds according to the following possible derived equations:
The enthalpy changes also stimulate reactions, since the values of enthalpy changes of all the reactions are negative. Besides that, the absolute values of enthalpy changes increase with an increase in temperature. The more complete the carbamide oxidation process, the higher the absolute values of enthalpy changes. The maximum values of enthalpy changes correspond to equation 10 when nitrogen oxides, being reduced up to nitrogen, oxidize carbon and hydrogen, in the carbamide compound up to CO 2 and water. The minimum values of enthalpy changes are obtained in the case of reaction 3, where non-oxidized hydrogen is evolved into the atmosphere.
The entropy changes stimulate the nitrogen oxide and nitric acid decontamination process, since the values of entropy changes of all the reactions are positive. The entropy change values increase only slightly with increases in temperature. The maximum entropy change values are for the reaction, in which nitric acid is present (reaction 7). They are slightly less when nitrogen dioxide participates (reactions 5 and 6). The minimum entropy change values occur during the nitrogen oxide and carbamide interaction, in the absence of oxygen, when carbon is formed (reaction 2). When the reaction takes place between carbamide and N 2 O in the presence of oxygen (reaction 8), entropy changes are greater than those in a non-oxygen atmosphere (reaction 1). This means that oxygen initiates this interaction. Conversely, when the reaction occurs between carbamide and nitrogen dioxide in the absence of oxygen (equations 5 and 6), entropy change values are larger than those in the presence of oxygen (equation 11). This means that, according to the entropy change values, nitrogen dioxide is a much more active carbamide oxidator than oxygen. Oxygen is unnecessary for this reaction.
The reaction's reliability can be judged according to the Gibbs' energy change values, which are presented in Fig. 1 . Fig. 1 . The Gibbs' energy value changes dependency on temperature while carbamide reduces nitrogen oxides As it can be seen from Fig. 1 , all the nitrogen oxides can be reduced to nitrogen in the presence of carbamide. The reaction reliability increases with an increase in temperature. The least reliable reactions are reactions 1-3 during which elementary carbon with hydrogen is evolved. The most reliable reactions may be represented by equations 6, 7, 8, and 10. The decontamination process of N 2 O and nitrogen oxide is more reliable, when oxygen participates in the reaction and when, during the decontamination process of nitrogen dioxide and nitric acid, oxygen is emited to the atmosphere (equations 6 and 7). The reliability of these reactions increases with an increase of nitrogen valency in the compound. Carbamide reduces nitric acid most easily by equation 7, and the least reliable reactions are those, in which N 2 O and nitrogen oxide takes part (equations 1-3). However, the reliability increases when oxygen is introduced into the reaction (equations 8-10). The reaction reliability increases with an increase of nitrogen oxide concentration because possibility for one carbamide molecule to react with a larger number of nitrogen oxides molecules increases. It is known that the more negative ∆G T° value, the more reliable the reaction. As we can see from Fig. 1 , carbamide reacts more reliably with NO 2 than with NO in this case.
As it can be seen from the data in Fig. 1 , the efficiency of nitrogen oxide decontamination process is relatively high enough and is determined by the reaction products. Here, the maximum ∆G T° values are reached, when during the reaction carbon and hydrogen are oxidized up to CO 2 and water, and nitrogen oxides are reduced to nitrogen. Therefore, there should be enough of nitrogen oxides present in the flue gas, and in their absence or in the presence of their insufficient quantities additional oxygen is required.
Pyrolysis of carbamide
Carbamide belongs to the class of toxic substances, therefore, its concentration in the indoor air environment cannot be higher than 0.2 mg/m 3 . In the absence of oxygen, carbamide decomposes as follows:
CO(NH 2 ) 2 = HCN + NH 3 + 1/2O 2 .
As follows from equations 12-14, during carbamide pyrolysis new noxious substances can be evolved into the atmosphere: CO -its MAC is 3 mg/m 3 , ammonia -0,04 mg/m 3 and hydrogen cyanide -0,01 mg/m 3 . This means that during the carbamide pyrolysis process more noxious substances are evolved, which present a greater danger than the carbamide itself. The carbamide pyrolysis reactions ∆G T° value dependencies on temperature are given in Fig. 2 . As it follows, the carbamide pyrolysis process according to equation 13 is possible only above 70 K, while according to equation 12 -only above 85 K, and according to equation 14 -above 880 K. The most reliable pyrolysis of carbamide reaction up to 400 K proceeds according to equation 13, while above 400 Kaccording to equation 12. The least reliable is the carbamide pyrolysis equation during which hydrogen cyanide is produced (equation 14). All the carbamide pyrolysis reaction ∆G T° values are substantially lower than those for the case of carbamide reactions with nitrogen oxides. This means that carbamide can be used for decontamination of nitrogen oxides if nitrogen oxides and oxygen are present in the atmosphere, without concern that its pyrolysis will proceed further.
Carbamide reaction with oxygen and carbon
The flue gases of boiler-house smokestacks contain CO 2 and oxygen playing a dominant role which is only next to that of nitrogen. The quantity of these substances depends on the air surplus coefficient. When carbamide is introduced into the atmosphere with small quantities of nitrogen oxides, it can react with oxygen and CO 2 , according to our derived equations, as follows: Fig. 2 . The Gibbs' energy value change dependency on temperature during carbamide pyrolysis according to the equations presented in the diagram Fig. 3 . The Gibbs' energy value change dependency on temperature during reactions between carbamide and CO 2 and air oxygen according to the equations presented in the diagram
The Gibbs' energy change values of these reactions are dependent on the temperature and are presented in Fig. 3 . As follows, the carbamide oxidation process by air oxygen is possible at a room temperature (equations 15, 16). The higher the temperature, the larger the absolute ∆G T° values. However, they are relatively smaller than the values which are obtained for carbamide reactions with nitrogen oxides. Carbamide reacts with oxygen much more effectively when there is a sufficient amount of it (equation 16) and when the reaction product is CO 2 . As follows from Fig. 3 data, carbamide can reduce CO 2 to CO above 400 K according to equation 18, and above 450 K -according to equation 17. Such a process is possible when the air surplus coefficient is low enough and is introduced into the flue gases with an insufficient oxygen concentration.
Comparison of ∆G T° values in its oxidation process with air oxygen (Fig. 3, curves 1, 2) and with reaction equations, in which carbamide reacts with nitrogen oxides (Fig. 1 ) , shows that when nitrogen oxides do not participate in the oxidation reaction, ∆G T° values are equal to 1000 kJ/mol under 1000 K, and when nitrogen oxides take part -under 700 K. So it follows that nitrogen oxides can lower the carbamide oxidation reaction process temperature by not less than 300 °C.
Carbamide reactions with sulphur (VI) oxide
The use of sulphureous fuel in boiler-houses leads to large amounts of sulphur dioxide emitted into the atmosphere (Nimmo et al. 2004) . It is well known that SO 2 easily oxidizes up to SO 3 in the presence of oxygen, and a catalyst for this reaction is nitrogen oxide. Nitrogen oxides are used as a catalyst during the production of sulphuric acid by the nitrosation way. Therefore, when carbamide is introduced into the boiler-house flue gases, it can react not only with nitrogen oxides, but also with SO 2 . The reactions can be illustrated by the following equations:
The ∆G T° values of these reactions under different temperatures are given in Fig. 4 . As it can be seen from Fig. 4 , the most reliable is reaction 20, during which SO 3 is reduced to SO 2, and carbon and hydrogen, present in the carbamide composition, is oxidized up to CO 2 and H 2 O. Oxygen also participates in this reaction. The absolute ∆G T° values are slightly lower in equations 21, 24 when larger quantities of SO 3 take part in the reaction and more molecules of SO 2 are formed. Substantially less reliable is reaction 19 in which oxygen does not take part, and even less reliable is reaction 23 during which N 2 O is generated. The formation possibility of nitrogen oxides NO 2 and NO according to equation 22 is possible only above 700 K. The lower reliability of nitrogen oxide formation is determined by the fact that their formation enthalpies are positive. As it follows from Fig. 4 , carbamide introduction into the flue gases disturbs the SO 2 oxidation process. Fig. 4 . The Gibbs' energy value change dependency on temperature during carbamide reaction with sulphur (VI) oxide according to the equations presented in the diagram Fig. 5 . The Gibbs' energy value change dependency on temperature during reaction between carbamide and SO 2 according to the equations presented in the diagram Fig. 6 . The Gibbs' energy value change dependency on temperature during reaction between carbamide and water vapour according to the equations presented in the diagram
Carbamide reactions with sulphur (IV) oxide
Sulphur in the boiler-house flue gases is present mainly in the form of SO 2 . Carbamide, introduced into the flue gases, can react with SO 2 , while reducing it to hydrogen sulphide and sulphur according to the following equations:
CO(NH 2 ) 2 + SO 2 + 1/2O 2 = S + CO 2 + N 2 + 2H 2 O. (27) The ∆G T° values of these reactions dependent on temperature are given in Fig. 5 . As it follows from Fig. 5 , carbamide is a potential SO 2 reduction agent. It can reduce SO 2 to sulphur or even up to hydrogen sulphide at any temperature. The most reliable SO 2 reaction (equation 27) is when oxygen participates in the reaction and the reaction product is sulphur. Since carbamide reduces SO 2 , this factor must be taken into account, while evaluating the amount of carbamide introduced into the boiler-house flue gases, to prevent formation of hydrogen sulphide, the MAC of which is equal to 0,008 mg/m 3 . The formation of H 2 S should be avoided if oxygen is present in the boilerhouse flue gases because hydrogen sulphide is easilly oxidized with air oxygen.
Carbamide reaction with water vapour
Water vapour, which is formed during combustion of organic fuel, is always present in the boiler-house flue gases. The thermodynamic investigation of the following equations can answer the question whether or not carbamide can reduce water and evolve hydrogen into the atmosphere:
The dependency of the Gibbs' energy change values on the temperature of these equations is presented in Fig. 6 . Here it follows that, during the carbamide and water interaction up to 1000 K, nitrogen oxides cannot be formed, but ammonia can be evolved according to equation 31, while carbon oxide, arising from the carbamide composition, is oxidized to CO 2 . Equation 30 is less reliable when hydrogen is released during the reaction. This reaction is possible only above 700 K.
Dependency of the Gibbs' energy value changes on temperature
The ∆G T° values of all our analysed reactions decrease with an increase in temperature. The ∆G T° value dependency on temperature can be described by the reaction curves of equations which are presented in Table 2 .
As follows from the data in Table 2 , the ∆G T° dependency on temperature is expressed by linear equations with negative angular coefficients. This means, that with an increase of temperature, the probability of all the reactions increases. The higher the angular coefficient, the greater the Gibbs' energy value decrease. The highest values of equation coefficients were obtained by reaction 1 (-0.860) when carbamide reacts with nitric acid, by reaction 7 (-0.7614) when carbamide reacts with CO 2 , by reaction 2 (-0.623) when carbamide reacts with nitrogen oxide. The lowest angular coefficient values were obtained for reaction 6 (-0.4271) when carbamide reacts with water vapour and by reaction 3 (-0.4914) when carbamide reacts with air oxygen. The free members of the curves characterize ∆G T° values at low temperatures. Their positive values indicate that carbamide doesn't react at room temperatures (equation 8) and cannot react with CO 2 (equation 7). The ∆G T° values are equal to zero during the pyrolysis reaction of carbamide at 384 K and in the reaction with CO 2 at 451 K.
Conclusions
1. Carbamide can be used for the decontamination of boiler-house pollutants, present in flue gases. Carbamide reduces nitrogen oxides up to nitrogen. It was determined that ∆G T° values, during carbamide reaction with nitrogen, sulphur or carbon oxides, water vapour, and also during its oxidation process with air oxygen and CO(NH 2 ) 2 + SO 2 + 1/2 O 2 = S + CO 2 + N 2 + 2 H 2 O ∆G T = -0.5129T -202.14 6. CO(NH 2 ) 2 + H 2 O = CO 2 +2 NH 3 ∆G T = -0.4271T -126.14 7.
CO(NH 2 ) 2 + 2 CO 2 = 3 CO 2 + N 2 + 2 H 2 O ∆G T = -0.7614T + 343.43 8.
CO(NH 2 ) 2 = CO + N 2 + 2 H 2 ∆G T = -0.6871T + 264.14 pyrolysis, also during the increase of temperature it decreased according to a linear dependency. The linear equation formulae of this dependency were derived. 2. It was also determined that, during the decontamination process of nitrogen oxides with carbamide, the most reliable reaction products were CO 2 , water and nitrogen, independent of what nitrogen oxides participated in the decontamination process.
3. The carbamide pyrolysis process can proceed above 450 K, in the absence of oxygen, nitrogen and sulphur oxides in the flue gases. CO, nitrogen, hydrogen and ammonia are evolved during the reaction. The ammonia reaction is activated by water vapour.
4. The carbamide oxidation process with air oxygen is possible under any temperature. The most reliable reaction products are CO 2 , water and nitrogen.
5. Carbamide reduces the sulphur (VI) oxide up to sulphur (IV) oxide, and the latter -up to the elementary sulphur or even hydrogen sulphide, if there are no nitrogen oxides present in the smokestack flue gases, since nitrogen oxides up to 1000 K temperatures participates in the reaction with carbamide more actively than with sulphur oxides.
